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MinireviewStructures of SET Domain Proteins:
Protein Lysine Methyltransferases
Make Their Mark
host of new domain structures. Zhang et al. (2002 [this
issue of Cell]) present the structure of Neurospora DIM-5, a
member of the Su(var) family of HKMTs which methylate
histone H3 on lysine 9. Wilson et al. (2002 [this issue of
Cell]) present the structure of a major fragment of human
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SET7 (also called SET9), which methylates H3 on lysineBox 951570
4. Finally, Trievel et al. (2002 [this issue of Cell]) presentLos Angeles, California 90095
the structure of garden pea Rubisco LSMT, an enzyme
that does not modify histones, but instead methylates
lysine 14 in the flexible tail of the large subunit of theProteins bearing the widely distributed SET domain
enzyme Rubisco (Klein and Houtz, 1995).have been shown to methylate lysine residues in his-
The three structures share the SET domain, but thetones and other proteins. In this issue, three-dimen-
SET domain itself turns out to be an uncommon struc-sional structures are reported for three very different
ture indeed (Figure 1). Although it uses the AdoMetSET domain-containing proteins. The structures re-
cofactor for methylation, the SET domain bears no simi-veal novel folds for several new domains, including
larity at all to the canonical / AdoMet-dependentSET, and provide early insights into mechanisms of
methyltransferase fold with its prominent 7-strandedcatalysis and molecular recognition in this family of
-sheet (reviewed in Cheng and Roberts, 2001). Theenzymes.
SET domain is rich in  conformation, but it consists of
several small sheets, each containing just a few shortThe positively charged N-terminal tails of histone sub-
strands. As a result, the SET domain seems to be charac-units can be covalently modified with distinct chemical
terized by turns and meandering loops (Figure 1). Thisgroups at multiple positions by various enzymes. This
architectural complexity is illustrated by Figure 1c ofcomplex scenario has motivated the idea of a “histone
Wilson et al. (2002) and Figure 2b of Trievel et al. (2002).code” (Strahl and Allis, 2000). According to the hypothe-
A number of peculiar properties follow from this organi-sis, the complex pattern of histone tail modifications
zation. In all three structures, the C-terminal region of theprovides encoded information by which cells are able
SET domain passes under a loop formed by a precedingto orchestrate their numerous DNA-based processes,
stretch of the sequence (Figure 1). While the passagesuch as transcription, replication, and chromatin organi-
does not produce a true knot, it appears unusual none-zation. Among the various types of histone modifications
theless. Interestingly, the loop and the C-terminal seg-that are known, lysine acetylation and deacetylation
ment that passes through it are two of the most highlyhave been studied recently in the most detail (Roth et
conserved sequence motifs in the SET family. Structuralal., 2001). Less is known about lysine methylation
data and mutagenesis experiments on the three proteins(Lachner and Jenuwein, 2002; Kouzarides, 2002), mainly
show that these regions play critical roles in binding andbecause the responsible enzymes have been identified
catalysis. Another unusual feature becomes apparentonly recently.
when the structures are contrasted. The structurallyThe SET domain (Su(var), Enhancer of zeste, Trithorax)
conserved core of the SET domain appears to be madewas first recognized as a conserved feature in a few
up from two discontinuous parts of the primary se-
chromatin-associated proteins (Tschiersch et al., 1994;
quence (Figure 1). These two parts of the conserved
Jenuwein et al., 1998), and has now been identified in
core are interrupted by a highly variable segment. In the
hundreds of other proteins (Schultz et al., 2000). The non-histone enzyme, Rubisco LSMT, an entire novel
observation of homology (Schultz et al., 2000) between domain is inserted at this point. This somewhat unusual
the SET domain and a plant enzyme, Rubisco large sub- characteristic of a compact domain being composed
unit lysine methyltransferase (Rubisco LSMT), led to the from discontinuous segments is manifested further as
characterization of a number of SET-domain containing the complete multidomain structures are examined. For
proteins as histone lysine methyltranferases (HKMTs) example, Zhang et al. (2002) show that the N terminus
(Rea et al., 2000; Wang et al., 2001; Roguev et al., 2001). of DIM-5, which is separated from the SET domain by
If the idea of a histone code is interpreted literally, these another intervening domain, wraps around the perimeter
are the enzymes that “read” the tails of histones and of the protein in order to contribute an additional strand
“write” a methyl group on specific lysine residues. to one of the sheets in the SET domain.
Now three independent research groups describe the A view of the enzyme active site is emerging from
first crystal structures of SET-domain proteins. The SET the three-dimensional structures. In all three studies,
domain (roughly 130 amino acids) appears generally as electron density maps revealed the location of the Ado-
one part of a larger multidomain protein, and the three Met or AdoHcy cofactor (Figure 4 in Zhang et al. [2002],
structures described here are of very different proteins Figure 3a in Wilson et al. [2002], and Figures 4a and 4b
with distinct domain compositions. As a result, they give in Trievel et al. [2002 (this issue of Cell)]). In the structure
multiple perspectives on the part they share—the SET of SET7/9, it was possible to build part of the cofactor.
domain (Figure 1)—while simultaneously revealing a In the Rubisco LSMT structure, the cofactor was fully
defined and the position of its sulfur atom was verified
by its signal in an anomalous difference electron density1Correspondence: yeates@mbi.ucla.edu
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Figure 1. A Comparison of the SET Domain from Three Different SET Domain Protein Structures
Protein structures are DIM-5 (Zhang et al., 2002), SET7/9 (Wilson et al., 2002), and Rubisco LSMT (Trievel et al., 2002). A region that can be
described as either major structural variation or domain insertion (i.e., in Rubisco LSMT) is shown in gray. The structurally conserved core of
the SET domain is shown in yellow (preceding the insertion) and green (following the insertion). Two especially conserved segments where
one loop passes through a preceding loop are shown in red. The AdoMet/AdoHcy cofactor is shown colored by atom type. The figures were
prepared using Molscript (Kraulis, 1991).
map. The cofactor binding interactions take place in a abstracting a proton from the protonated amino group
of the substrate lysine, promoting its nucleophilic attackcleft formed by regions of high sequence conservation,
including those mentioned above. Especially in the two on the sulfonium methyl group of the AdoMet cofactor.
Another interesting mechanistic feature is suggested byHKMT structures (Zhang et al. [2002] and Wilson et al.
[2002]), the cofactor binding site appears to be more Trievel et al. (2002). In contrast to the AdoMet-depen-
dent protein methyltranferases of the classical type,exposed than it is in other protein methyltransferases
(Djordjevic and Stock, 1997). However, as noted in the which tend to bind their polypeptide substrates on top
of the cofactor (Griffith et al., 2001), it is noted from thereports, both structures (either in the construct or in
the refined model) are missing a catalytically essential Rubisco LSMT structure (Trievel et al., 2002) that the
AdoMet seems to bind in a separate cleft, suggestingsegment C-terminal to the SET domain, suggesting that
the binding sites might actually be more protected than how a polypeptide substrate could be subjected to mul-
tiple rounds of methylation without having to be releasedthey seem to be, which would be consistent with the
analysis of the essentially full-length Rubisco LSMT by from the enzyme. In contrast, Wilson et al. (2002) demon-
strate that SET7/9 is able to add only a single methylTrievel et al. (2002). Also, in the two cases where the
cofactor has been modeled, there are differences in the group to its substrate, thereby adding another level of
complexity to the issues of substrate recognition andcofactor orientation; further analysis will be required to
resolve this issue. signaling.
While the conserved SET domain gives the three re-The structures reported so far do not contain bound
substrates, leaving details of the catalytic mechanism ported structures their common enzymatic activity, the
proteins differ dramatically with respect to their otheropen to some degree of interpretation. In two cases,
specific models of peptide binding are provided by ex- domains. This makes each interesting in its own right.
Zhang et al. (2002) show that the pre-SET domain com-trapolation. Zhang et al. (2002) provide a speculative
binding model in which the substrate polypeptide binds mon to the Su(var) family of HKMTs folds to form a
Zn3Cys9 cluster precisely superimposable on the metalby induced fit as an extended  strand, following the
pattern established by the binding of histone tail poly- cluster of metallothionein. The possible significance of
the metal cluster is left unclear, owing to its distancepeptides to the HP1 chromodomain (Nielsen et al., 2002;
Jacobs and Khorasanizadeh, 2002). Along a different from the enzyme active site. However, a second metal
center may be present. The investigators combine ex-line, in Rubisco LSMT, Trievel et al. (2002) find a molecule
of the HEPES buffer bound fortuitously in the active site, perimental data with a clever genomic argument to sug-
gest the presence of a fourth Zn atom coordinated byleading them to suggest that the terminal hydroxyl group
of HEPES is bound in the position that would be occu- three cysteine residues from an unvisualized region
C-terminal to the SET domain, and a fourth cysteinepied by the nucleophilic amino group of the substrate
lysine residue. All three groups have conducted experi- residue in one of the highly conserved motifs in the
active site. In the second structure presented, Wilsonments on site-directed mutants. Taken together, the
studies identify numerous residues critical for catalytic et al. (2002) discover in the N-terminal half of SET7/9 a
highly unusual repetitive domain comprised of tightactivity and for binding the cofactor and polypeptide
substrates. In particular, the studies seem to converge turns and 12 short  strands (or possibly more from
the truncated N terminus) forming a long, antiparallel on the tyrosine residue that is strictly conserved in the
C-terminal motif of the SET domain (Y283 in DIM-5, Y335 sheet. This domain’s negative charge and its protrusion
from the SET domain suggest potential interactions within SET7/9, and Y287 in Rubisco LSMT). There seems to
be agreement that this tyrosine could be involved in histones. In the third structure, Trievel et al. (2002) reveal
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in Rubisco LSMT a novel  helical domain of about 180
residues in the C-terminal half of the protein, and another
small, novel helical domain that appears as an insertion
in a region of structural variability within the SET domain.
Interestingly, the C terminus of this protein extends into
another subunit to create a trimer in the crystal by do-
main swapping (Liu and Eisenberg, 2002), but no biologi-
cal significance has been attributed to this observation
at the present time.
It seems likely that the varied domains that occur
together with the SET domain will be involved in recog-
nizing protein substrates and “reading” histone tails in
order to dictate which (if any) of their multiple lysine
residues should get methylated. At the present time, the
structural data only give hints about how this recognition
might be achieved. As new structures are elucidated
of various HKMTs with bound substrates, it should be
possible to make judgments about whether this complex
biological system can be reasonably described as a
code and, if so, how that code gets deciphered by the
cell’s host of chromatin-associated proteins and en-
zymes.
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